Astrocytes are the most abundant cells in the brain, playing vital roles in neuronal survival, growth, and function. Understanding the mechanism(s) regulating astrocyte proliferation will have important implications in brain development, response to injury, and tumorigenesis. Cyclin B1 is well known to be a critical regulator of mitotic entry via its interaction with cyclin-dependent kinase 1. In rat astrocytes, we now show that the mRNA binding protein cytoplasmic polyadenylation element binding protein 1 (CPEB1) is associated with cyclin B1 mRNA and that this interaction is enriched at the centrosome. In addition, if growth-arrested astrocytes are stimulated to divide, CPEB1 is phosphorylated and cyclin B1 mRNA is polyadenylated, both hallmarks of CPEB1 activation, resulting in an increase in cyclin B1 protein. CPEB1 binding to mRNA initially inhibits translation; therefore, removing CPEB1 from mRNA should result in an increase in translation due to derepression. Indeed, when we either knocked down CPEB1 protein with siRNA or sequestered it from endogenous mRNA by expressing RNA containing multiple CPEB1 binding sites, cyclin B1 protein was increased and cell proliferation was stimulated. Our data suggest a mechanism wherein CPEB1 is bound and represses cyclin B1 mRNA translation until a signal to proliferate phosphorylates CPEB1, resulting in an increase in cyclin B1 protein and progression into mitosis. Our results demonstrate for the first time a role for CPEB1 in regulating cell proliferation in the brain.
Introduction
Astrocytes are the most abundant cells in the CNS and play a critical role in neuronal survival, growth, and functional integrity. Astrocytes provide nutritional support and protection for neurons and regulate metabolic homeostasis in brain. Astrocytes also play an important role in the cellular response to brain injury, proliferating to contain the damage site in a process known as reactive gliosis (Sofroniew and Vinters, 2010) . In addition, the most common type of primary brain tumor is the astrocyte-derived glioblastoma, of which the most aggressive form (glioblastoma multiforma) has an expected survival time of ϳ1 year after diagnosis (Kanu et al., 2009) . Clearly, understanding the mechanism(s) regulating the proliferation of astrocytes will be important in controlling the outcome of traumatic brain injury and in designing therapeutics to combat glioblastoma.
New protein synthesis is an essential process in the regulation of numerous physiological processes, including cell proliferation, differentiation, migration, and cellular adaptation to extracellular environment. Historically, transcription factors were considered the primary regulators of gene expression. However, this notion has been challenged in the past decade with the identification of mRNA-specific binding proteins and micro-RNA species that target specific mRNA(s). Translational regulation of protein expression has several advantages over transcriptional regulation, such as rapidity of response and the ability to spatially localize the response by targeting mRNA to cellular subdomains (Kiebler and Bassell, 2006) .
Cytoplasmic polyadenylation element binding protein 1 (CPEB1) is one such mRNA-specific binding protein that has important roles in cell cycle regulation in germ cells as well as in experience-induced synaptic changes in neurons (Tay and Richter, 2001; McEvoy et al., 2007) . CPEB1 binds to cytoplasmic polyadenylation elements (CPEs) in 3Ј-untranslated region (3Ј-UTR) of target mRNA. When bound, CPEB1 forms a multiprotein complex that represses the translation; however, when CPEB1 is phosphorylated on threonine 171 (T 171 ), the bound mRNA is polyadenylated and translation is initiated (Mendez et al., 2000a) .
The molecular mechanism of CPEB1 regulation in cell cycle regulation has been best studied in Xenopus oocytes (StebbinsBoaz et al., 1996) . Here, CPEB1 phosphorylation initiates translation of c-mos then cyclin B1 (Mendez et al., 2002) , and cyclin B1 synthesis is required for progression into mitosis (Minshull et al., 1989; Murray and Kirschner, 1989) . There is convincing evidence that CPEB1 plays a critical role in oocyte cell cycle regulation; however, there is only one report of CPEB mediating this process in somatic (HeLa) cells (Novoa et al., 2010) .
CPEB1 is also present in astrocytes where it regulates the synthesis of ␤-catenin protein at the leading edge of migrating astrocytes (Jones et al., 2008) , perhaps paralleling the function of CPEB1 in neuronal growth cones where it also regulates the synthesis of ␤-catenin (Kundel et al., 2009) . In that earlier study, we noticed what looked like an inhibition of cell division when we blocked the activation of CPEB-mediated translation (Jones et al., 2008) . In the present study we examine the possibility that CPEB1 may have a role in cell cycle regulation in astrocytes and through the regulation of cyclin B1 mRNA.
Materials and Methods
Materials. DMEM/F12, fetal bovine serum (FBS), penicillin/streptomycin, and 0.25% trypsin-EDTA were purchased from Invitrogen. Agarose, cytochalasin B, EDTA, IGEPAL CA-630, lithium chloride, nocodazole, PIPES, potassium hydroxide, sucrose, trichloroacetic acid, Tween 20, 2-mercaptoethanol, and trypsin were purchased from Sigma. CPEB1 siRNA and PMSF were from Santa Cruz Biotechnology. ECL Western blotting detection reagents were obtained from GE Healthcare. SuperScript II reverse transcriptase, TRIzol reagent, and TRIzol LS reagent were from Invitrogen. DNase ⌱ was purchased from Roche. T4 RNA ligase was from Promega. Protein G-agarose was obtained from Millipore Corporation. Taq polymerase and deoxyribonucleotide triphosphate (dNTP) were from Takara. Actinomycin D, cycloheximide, and protease inhibitor cocktail were from Calbiochem. Cordycepin was purchased from Tocris Bioscience.
The following antibodies were purchased from the companies listed: anti-␤-actin, anti-GFAP, anti-␣-tubulin were from Sigma; phosphohistone H3 antibody was from Millipore, cyclin B1 antibody, Aurora A kinase antibody, and ␥-tubulin antibody were from Abcam; CPEB1 antibody and pCPEB antibody were from Santa Cruz Biotechnology or were kindly donated by Dr. Thomas Soderling (Vollum Institute, Portland, OR); and FMRP antibody from Millipore.
Culture of rat primary astrocytes. Rat primary astrocyte cell culture was prepared as described previously (Shin et al., 2001) . Briefly, cortices were prepared from newborn (2ϳ3 day old) Sprague Dawley rats of both sexes. The cortices were dissociated by incubating in 0.1% trypsincontaining DMEM/F12 and then passed through 135 m nylon mesh. Cells were plated onto poly-L-lysine (10 g/ml)-coated 75 cm 2 culture flask and maintained for 7 d in DMEM/F12 supplemented with 10% FBS. Cells were trypsinized (0.25% trypsin and 0.02% EDTA) and replated onto poly-D-lysine (10 g/ml)-coated 100 mm plates. Five to seven days later, cells were used for experiments. The cultures contained mainly astrocytes (Ͼ95%) and microglia (Ͻ5%), as determined by immunocytochemistry using cell type-specific antibodies, i.e., anti-GFAP for astrocytes and anti-isolectin B 4 or OX-42 for microglia (data not shown).
Western blot analysis. Cells were washed twice with PBS and lysed with 2ϫ SDS-PAGE sample buffer. An aliquot containing 50 g of total protein was separated by 10% SDS-PAGE and transferred to nitrocellulose membranes. The membranes were blocked with 1 g/ml polyvinyl alcohol in PBS including 0.2% Tween 20 for 1 h. The membranes were incubated with first antibody overnight at 4°C and then with peroxidaseconjugated secondary antibody (Santa Cruz Biotechnology) for 2 h at room temperature. Specific bands were detected using the ECL system (GE Healthcare) and exposed to Bio-Rad electrophoresis image analyzer.
RT-PCR. Total RNA was isolated from astrocytes using TRIzol reagent (Invitrogen), and 1 g of total RNA was converted to cDNA using a SuperScript II reverse transcriptase (Invitrogen) according to the manufacturer's instructions. Specific DNA bands were amplified by PCR. The amplified DNA products were resolved by 1.0% agarose gel electrophoresis and visualized by staining with ethidium bromide and exposed to a Bio-Rad electrophoresis image analyzer. All primers were purchased from Invitrogen. The primers used in this analysis are as follows:
CPEB1, 5Ј-CAGGAACTTCTGTGTGGCCATCTT-3Ј (forward) and 5Ј-TTCACTTAGGCCATCTGGGCTCAG-3Ј (reverse); Cyclin B1, 5Ј-AAAGGCGTAACTCGAATGGA-3Ј (forward) and 5Ј-CCGACCTTTTATTGAAGAGCA-3Ј (reverse); ␤-actin, 5Ј-TGTCACCAACTGGGACGATA-3Ј (forward) and 5Ј-TC  TCAGCTGTGGTGGTGAAG-3Ј (reverse);  FMRP, 5Ј-TTGGTACCTTGCACACATCA-3Ј (forward) and 5Ј-AA  GTTAGCGCCTTGCTGAAT-3Ј (reverse); GFAP,5Ј-AAGAACTGGATCTCCTCCTC-3Ј(forward)and5Ј-TAGC TACATCGAGAAGGTCC-3Ј (reverse); and GAPDH, 5Ј-TCCCTCAAGATTGTCAGCAA-3Ј (forward) and 5Ј-AG ATCCACAACGGATACATT-3Ј (reverse).
Transient transfection. Transient transfection in astrocytes was carried out using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions with minor modifications. Briefly, construct (CPEB-GFP, 3-CPE, CPEB1 siRNA) and Lipofectamine were mixed in serum-and antibiotics-free media. The DNA (RNA)-Lipofectamine complex was added to the 60 -70% confluent cells. After 3 h of incubation, the medium was changed back to growth medium-containing serum and allowed to recover for 24 h at 37°C. Sequences for the 3CPE experiments were as follows:
3CPE control RNA (SCPE): ACGUUAUUAUUGAAUUGUUAUUAUUGAAUUGUUAUUAUUG AAUU; 3CPE construct (3CPE): ACGUUUUUAAUGAAUUGUUUUUAAUGAAUUGUUUUUAAUG AAUU.
Cell proliferation (MTT) assay. MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay is based on the ability of a mitochondrial dehydrogenase enzyme from viable cells to cleave the tetrazolium rings of the pale yellow MTT and form a dark blue formazan crystals which is largely impermeable to cell membranes, thus resulting in its accumulation within healthy cells. Solubilization of the cells by the addition of a detergent results in the dissolution of the crystals. The number of surviving cells is directly proportional to the level of the formazan product created. The color can then be quantified using a simple colorimetric assay. The results were read on a multiwell scanning spectrophotometer (ELISA reader, TECAN) at 590 nm. Used on sister cultures plated at the same density, this is routinely used for a measure of cell survival/proliferation (van de Loosdrecht et al., 1994) .
Sucrose gradient centrifugation. Sucrose gradient centrifugation was performed according to the reported method (Mitchison and Kirschner, 1986 ) with minor modification. Rat primary astrocytes (80% confluent) were treated with nocodazole (10 g/ml) and cytochalasin B (5 g/ml) for 90 min. Cells were washed with PBS, 0.1ϫ PBS plus 8% sucrose and then 8% sucrose. Cells were lysed with LB buffer (1 mM Tris-HCl, 0.1% 2-ME, 0.5% IGEPAL CA-630, 1 mM PMSF, 1 mM protease inhibitor cocktail) for 15 min and sedimented at 1500 ϫ g for 5 min. The supernatants were filtered through a 37 m mesh. The cell lysates were added to 2 ml of 60%, 2 ml of 50%, 2 ml of 40%, and 2 ml of 30% sucrose gradient and were centrifuged with SW 41 Ti swinging bucket rotor using a Beckman Optima XL-100K preparative ultracentrifuge at 26,000 rpm for 60 min (Beckman Instruments). Sucrose solutions were made in PE buffer (10 mM PIPES, 1 mM EDTA, 8 mM 2-ME, pH to 7.2 with KOH). After centrifugation, samples were fractionated by dropwise collection of each 500 l aliquot. From top lysate fraction to 60% sucrose fraction, we used sequential numbering from 1 to 18. Each fraction was diluted 1:5 with PE buffer and then precipitated using trichloroacetic acid. Samples were incubated at Ϫ20°C for 2 h. After supernatants were removed, samples were washed by acetone and 2ϫ SDS-PAGE sample buffer was used for Western blot analysis. The centrosomal fraction was found in the middle of a 60% fraction. For RNA isolation, each fraction was diluted 1:5 with DEPC-treated water and then precipitated by lithium chloride. Samples were incubated at Ϫ20°C for 24 h. After supernatants were removed, samples were prepared with TRizol LS reagent for RNA isolation.
Poly( A) tail assay. To test the poly(A) tail (PAT) length of cyclin B1 mRNA, the PAT assay was performed according to the reported method (Rassa et al., 2000) with minor modification. Briefly, total RNA was isolated from cultured astrocytes, and 1 g of total RNA was used for the PAT assay. RNA was ligated at 37°C for 30 min with 50 pmol of primer GB-135 (5Ј-P-GGTCACCTTGATCTGAAGC-NH 2 -3Ј) in a 10 l volume using T4 RNA ligase (Promega). GB-135 contained a 3Ј amino modification to block ligation at this end. The reaction was boiled for 5 min and cooled to room temperature. Reverse transcription was performed at 45°C for 45 min in a 50 l reaction using 50 pmol of primer GB-136 (5Ј-GCTT-CAGATCAAGGTGACCTTTTT-3Ј), 5 l of dNTP (Takara), 1 l of SuperScript II reverse transcriptase (Invitrogen), 5 l of 0.1 M DTT, and 10 l of 5ϫ RT buffer. The reaction was boiled for 5 min, cooled to room temperature, and used in PCR. Resulting PCR products were analyzed on 2.0% agarose gel, visualized by staining with ethidium bromide, and exposed to a Bio-Rad electrophoresis image analyzer. Maximum poly(A) tail length was determined relative to DNA standards by subtracting the size of each primer and the distance to the site of polyadenylation from the maximum size of the PCR product. All primers were purchased from Invitrogen.
Immunoprecipitation. Rat primary astrocytes (80% confluent) were lysed with LB buffer (1 mM Tris-HCl, 0.1% 2-ME, 0.5% IGEPAL CA-630, 1 mM PMSF, 1 mM protease inhibitor cocktail) for 15 min and sedimented at 1500 ϫ g for 5 min. The supernatants were filtered through 37 m mesh and incubated with 50 l of CPEB1 antibody (Santa Cruz Biotechnology) for 24 h at 4°C under agitation. After incubation, 50 l of protein G-agarose (Millipore) was added and incubated for 24 h at 4°C under agitation. Samples were then centrifuged and the supernatant was removed. The pelleted beads were washed in LB buffer three times before dissociation from the beads by 2ϫ SDS-PAGE sample buffer for Western blot analysis. For RT-PCR, 1 ml of TRIzol LS reagent (Invitrogen) was added for RNA isolation. As a negative control, all procedures were performed exactly the same without CPEB1 antibody.
Immunocytochemistry. Cultured rat primary astrocytes on cover glass (Fisher Scientific) were washed and fixed with 4% paraformaldehyde at 4°C for 2 h. For detection of centrosomal cyclin B1, cells were fixed with 70% cold ethanol in PBS at 4°C for 2 h. The cells were treated with 0.3% Triton X-100 for 15 min at room temperature and blocked for 30 min with blocking buffer (1% BSA, 5% FBS in PBS) at room temperature. The cells were incubated overnight at 4°C with primary antibodies against cyclin B1 (mouse, 1:1000) or ␥-tubulin (rabbit, 1:500) and washed in buffer (0.1% BSA, 0.5% FBS in PBS). Secondary antibodies conjugated with tetramethylrhodamine ethyl ester (antimouse) or FITC (anti-rabbit) were diluted in blocking buffer and incubated for 2 h at room temperature. After three washes, the cover glass was mounted in Vectashield (Vector Laboratories) and viewed with a confocal microscope (TCS-SP, Leica).
FACS analysis. Rat primary astrocytes were transfected with CPEB1 siRNA (catalog no. sc-37756, Santa Cruz Biotechnology) and allowed to recover for 24 h. Cells were harvested with trypsin and centrifuged for 3 min. Then, cells were fixed in 70% ethanol for at least 30 min. Cells were pelleted and resuspended in PBS with 100 l of RNase A (100 g/ml) and incubated for 20 min at 37°C. Then cells were stained with 400 l of propidium iodide (50 g/ml) for 30 min and the cell cycle was measured by FACS analyzer (FACSCalibur, Becton Dickinson). Localization of CPEB1 to the centrosome during mitosisA, Western blot analysis of rat primary astrocytes. Total cell lysates of rat primary astrocytes were subjected to Western blot analysis using an antibody against CPEB1. B, Expression of CPEB1 mRNA was confirmed by RT-PCR. C, Rat primary astrocytes were cultured on glass coverslips and fixed with 4% paraformaldehyde. Analysis of CPEB1 immunoreactivity (CPEB) revealed cytosolic expression with perinuclear enrichment. For comparison, astrocytes were also stained with ␣-tubulin (Tub), which was distributed throughout the cell. An overlay with tubulin in green and CPEB1 in red is shown on the right. D, Immunocytochemistry was performed to investigate centrosomal localization of CPEB1, Aurora A kinase, and cyclin B1 protein. Actively dividing rat primary astrocytes were fixed and stained for CPEB1 immunoreactivity (CPEB, red) as described above. Condensed DNA was stained with DAPI (blue), and the mitotic spindle was visualized with ␣-tubulin (green). Note CPEB1 immunoreactivity on centrosome. Aurora A kinase (red) immunoreactivity was also enriched in centrosome during mitosis. This localization mimics that for cyclin B1 expression in dividing astrocytes and directly overlays with ␥-tubulin (green) staining, confirming that it is at the centrosome.
Statistical analysis. Data were expressed as the mean Ϯ SEM and analyzed for statistical significance using one-way ANOVA followed by the Newman-Keuls test as a post hoc test; a value of p Ͻ 0.05 was considered significant.
Results

CPEB1 expression in rat primary astrocytes
CPEB1 expression in rat primary astrocytes was reported recently (Jones et al., 2008) , and we confirm these results ( Fig.  1 A, B) . Furthermore, we show that CPEB1 is expressed throughout the astrocyte but enriched in the cytosol surrounding the nucleus (Fig. 1C) . However, we noticed that in the small population of astrocytes caught in the act of cell division at the time of fixation, CPEB1 was strikingly localized to the centrosome (Fig.  1 D) . In addition, the kinase that phosphorylates CPEB1 in astrocytes, Aurora A kinase (Jones et al., 2008) , is also localized to the centrosome (Fig. 1 D) . To confirm this observation, we used a sucrose density gradient to biochemically isolated the centrosome fraction derived from pure astrocytes cultures (Mitchison and Kirschner, 1986) . We used the enrichment of ␥-tubulin to identify the centrosomal fractions that were isolated around the middle of the 60% sucrose layer in fractions 16 and 17 (Fig. 2) . Consistent with the immunolocalization (Fig. 1D) , CPEB1, cyclin B1, and Aurora A were all enriched in the centrosome fractions (Fig. 2) . In contrast, the majority of ␤-actin, used as a negative control, was restricted to the upper region of the gradient. In addition, two other RNA-binding proteins, FMRP and Pumilio, were not present in the centrosome fraction ( Fig. 2A) .
Cyclin B1 mRNA was localized to centrosome and binds CPEB1 Next, we examined whether cyclin B1 mRNA was enriched in centrosomal fraction of rat primary astrocytes. RNA isolation from each fraction followed by RT-PCR using primers specific for cyclin B1, FMRP, and GAPDH showed differential enrichment throughout the gradient (Fig. 3A) . In one of the centrosomal fractions, cyclin B1 mRNA was present in relatively high abundance. However, the mRNAs encoding GAPDH and FMRP were found in fractions 3-5 and were not present in the centrosome fractions (Fig.  3A) , indicating a specific localization of cyclin B1 mRNA to the centrosome. Previous work in oocytes has implicated CPEB1 in the translational regulation of cyclin B1 mRNA via the direct binding of CPEB1 to the CPE domain in the 3Ј-UTR (de Moor and Richter, 1999; Groisman et al., 2000; Tay et al., 2000) . We confirm that this relationship exists in astrocytes by immunoprecipitation (IP) using an antibody specific against CPEB1. Analysis of the CPEB1-IP reveals that our CPEB1 antibody efficiently immunoprecipitates CPEB1 protein from whole-cell lysates (Fig. 3B ) or centrosome fraction (Fig.  3D) . We next isolated RNA from the CPEB1-IPs and performed RT-PCR with primers specific for cyclin B1 to determine whether cyclin B1 mRNA is in the CPEB1 complex. The results shown in Figure 3 , C and E, indicate that cyclin B1 mRNA specifically associates with CPEB1 protein in whole-cell lysates and centrosome fraction, while the non-CPE-containing mRNAs encoding GFAP, ␤-actin, and GAPDH do not.
Cell proliferation induces a phosphorylation of CPEB1
The association of CPEB1 with cyclin B1 mRNA suggests that one possible role of CPEB1 in astrocytes is to regulate the expression of cyclin B1 during cell division. To begin to address this, we arrested cells in culture by removing serum from the medium. We then added 10% FBS back to the medium to stimulate cell division and examined the phosphorylation state of CPEB1 by Western blotting using a phospho-specific CPEB1 antibody (kindly provided by Dr. Thomas Soderling). The antibody specifically recognizes phosphorylation of CPEB1 at T 171 , which is thought to be critical to the activation of CPEB1 (Atkins et al., 2004) . Stimulation of cell proliferation induced a rapid phosphorylation of CPEB1 (starting ϳ2 min poststimulus) that peaked 15-30 min after stimulation (Fig. 4 A) . Total CPEB1 levels remained constant during the first hour after stimulation but declined after 12 h of serum reintroduction (Fig. 4 B) . The de- crease in CPEB1 levels after stimulation could be the result of proteosomemediated degradation that is similar to that detected during oocyte maturation (Mendez et al., 2002) .
Cyclin B1 mRNA is polyadenylated following FBS stimulation As indicated above, CPEB1 phosphorylation on T 171 can result in the cytoplasmic polyadenylation of bound mRNAs. To determine whether cyclin B1 mRNA is regulated in this manner, we examined the size of the cyclin B1 poly(A)-tail following readmission of serum into the medium using a poly(A) tail assay (PAT assay; see Materials and Methods). Rat primary astrocytes were growth arrested by serum depletion for 24 h and induced to proliferate by the addition of FBS into the medium. Cyclin B1 mRNA poly(A) tail length grew within 10 min of the introduction of FBS to the culture medium and remained elongated through 30 min before returning to baseline by 60 min (Fig.  5A) . Moreover, the increase of cyclin B1 mRNA polyadenylation was associated with an increase in cyclin B1 protein expression, which also increased dramatically at around 10 min following the addition of FBS to the medium (Fig. 5B ). These observations are consistent with a mechanism in which FBS stimulates CPEB1 phosphorylation, resulting in polyadenylation and translation of cyclin B1 mRNA. Therefore, we probed this mechanism further by using pharmacological inhibitors to transcription (actinomycin D), translation (cycloheximide), or polyadenylation (cordycepin).
In cells that had been growth arrested and then stimulated with FBS in the presence of actinomycin D, we still detect both an increase in cyclin B1 mRNA polyadenylation and protein expression (Fig. 6 A, B) . This suggests that the increase in both poly(A) tail length and translation is occurring to mRNA already present at the time of stimulation. One would then predict that in the presence of cycloheximide, FBS would still be capable of inducing cyclin B1 polyadenylation, but that would not result in an increase in protein, as translation is inhibited. That is indeed what we see (Fig. 6 A, B) . To determine whether polyadenylation itself is responsible for the increase in cyclin B1 protein expression, we stimulated with FBS in the presence of cordycepin, an adenosine analog that once added to the poly(A) tail prevents further polyadenylation. Cordycepin blocks both FBS-induced polyadenylation of cyclin B1 mRNA (Fig. 6 A) and cyclin B1 expression (Fig.  6 B) . This same experiment can be performed from RNA and protein extracted from the centrosomal fraction. Although the absolute levels of both RNA and protein are less than those detected in whole homogenates, the results are identical (Fig.  6C,D) . In growth-arrested cells there is very little ␥-tubulin or cyclin B1 in the centrosome fraction; however, both are recruited following FBS stimulation (Fig. 6 D) . The lack of ␥-tubulin or cyclin B1 in the centrosomal fraction with either cycloheximide or cordycepin treatment may indicate a lack of recruitment of these components to the centrosome and thus a failure to progress into M phase.
CPEB1 levels regulate cell cycle CPEB1-bound mRNAs are thought to be in a translationally inhibited state until CPEB1 is phosphorylated (Wells, 2006) . This suggests that one could activate translation of bound mRNA by simply removing CPEB1 from the mRNA and thus derepress translation. We employed two means by which to remove CPEB1 from its cognate mRNA. First, we depleted CPEB1 using siRNA; second, we transfected RNA into astrocytes that contain multiple Figure 3 , although this time it was processed for mRNA retrieval and RT-PCR analysis. Cyclin B1 mRNA is enriched in fraction 17, the centrosome fraction. The mRNA encoding GAPDH and FMRP localize to a much higher fraction. Image represents one experiment but is typical of the results obtained in three experiments. B, CPEB1-IP followed by Western blot analysis demonstrates that there was no significant interaction of CPEB1 with ␤-actin and ␥-tubulin. C, CPEB1-IP followed by mRNA extraction and RT-PCR analysis reveals a specific interaction between CPEB1 protein and cyclin B1 mRNA. . Cell proliferation induces a phosphorylation of CPEB1 A, Rat primary astrocytes were grown to roughly 60% confluence and then arrested by depleting serum from the medium for 24 h. Proliferation was stimulated by the addition of 10% FBS back to the medium. At each time points, cells were harvested and the phospho-CPEB1 (pCREB1) level was detected by Western blot analysis. B, The total amount of CPEB1 in astrocytes grown in culture and then arrested in serum-free medium (SF) for 9 h was compared to that of cells incubated in SF medium for 9 h followed by 12 h in 10% FBS-containing medium. Each lane was loaded with equal protein; ␤-actin was used as a loading control. (*p Յ 0.05, n ϭ 4). copies of CPE sequences to sequester CPEB1 from its endogenous targets (Stebbins-Boaz et al., 1996; de Moor and Richter, 1999) . We then determined the consequence of altering CPEB1 binding to endogenous mRNA on cell proliferation by using three methods: a biochemical marker for dividing cells (phospho-histone H3), an indicator of the total number of cells (MTT assay), and FACS analysis.
Using CPEB1 siRNA technology, we efficiently knocked down CPEB1 mRNA and protein levels in cultured astrocytes (Fig. 7A-C) . Surprisingly, removing CPEB1 resulted in an increase in cell proliferation as measured by both an MTT assay (Fig. 7D) or by phospho-histone H3 levels (Fig. 7F ) . Consistent with this finding, when CPEB1 is knocked down by siRNA, cyclin B1 protein levels increase, suggesting that CPEB1 is repressing mRNA translation (Fig. 7G,H ) . FACS analysis of cells treated with siRNA for CPEB1 also reveal an increase in the number of cells in G 2 /M phase compared to control-treated cells (Fig. 7E) . These data again suggest that the removal of CPEB1 from mRNA results in derepression of at least cyclin B1 mRNA.
To confirm this hypothesis, we overexpressed RNA encoding reiterative CPEB1 binding domains (3CPE) to sequester endogenous CPEB1 away from its cadre of target mRNAs. In primary astrocytes, expression of 3CPE resulted in a significant decrease in the cyclin B1 mRNA associated with CPEB1 (Fig. 8 A) , indicating that a dissociation with endogenous target mRNAs was indeed achieved. The dissociation of CPEB1 from cyclin B1 mRNA resulted in an increase in cyclin B1 expression and cell proliferation as measured by phospho-histone H3 levels (Fig. 8 B, F ) . Expression of 3CPE also resulted in an increase in cyclin B1 associated with the centrosomal fractions (Fig. 8C ) but did not change the level of CPEB1 or cyclin B1 mRNA associated with these fractions (Fig. 8C,D) . Since some CPEB1 is still clearly associated with cyclin B1 mRNA (Fig. 8 A) , the simplest interpretation of these data is that the interaction of CPEB1 with cyclin B1 mRNA localized to the centrosome is resilient to manipulation by 3CPE, and the increase in cyclin B1 protein is recruited from the cytoplasm. However, there are other interpretations (see Discussion) . FACS analysis of cells expressing 3CPE also indicates an enhanced cell proliferation (Fig. 8 E) .
Since removal of CPEB1 resulted in cell proliferation, we next determined whether overexpression of CPEB1 would have the opposite response. Thus, astrocytes transfected with wild-type CPEB1-expressing constructs were examined using the same techniques described for siRNA analysis. Overexpression of CPEB1 in rat primary astrocytes (Fig. 9 A, B) inhibited cell proliferation as measured by the MTT assay and the percentage of cells in G 2 /M phase (Fig. 9C,D) , as well as phospho-H3 levels (Fig. 9E) . Overexpression of CPEB1 also resulted in a decrease in cyclin B1 protein levels, again suggesting that unphosphorylated CPEB1 is acting as a translational repressor (Fig. 9 F, G) .
Discussion
Astrocyte proliferation is a hallmark of brain injury. Among other functions, this proliferation, or reactive gliosis, is thought to be responsible for an efficient inflammatory response (Bush et al., 1999 ) and a rapid restoration of the blood brain barrier (Faulkner et al., 2004) . However, astrocyte proliferation will also repress functional recovery, as it prevents axonal regeneration (Menet et al., 2003) . Therefore, elucidating the regulatory mechanisms controlling astrocytes proliferation will be vital in our understanding of the brain response to injury. In addition, since astrocytes are also the primary source of cancer in the brain, understanding the proliferative process might provide insight into the uncontrolled proliferation seen in tumorigenesis.
Several findings in the present study demonstrate that CPEB1-dependent mRNA translation can regulate cell cycle and proliferation of astrocytes: (1) CPEB1 colocalized to the centrosome with Aurora A kinase and cyclin B1 mRNA in astrocytes; (2) FBS-induced astrocyte proliferation induced a concomitant phosphorylation of CPEB1, polyadenylation of the CPEB1-bound mRNA encoding cyclin B1, and an increase in cyclin B1 protein; (3) removal of CPEB1 from endogenous mRNA (either by siRNA knockdown or expression of CPE-containing mRNA) induced an increase in cyclin B1 protein and cell proliferation; and (4) overexpression of unphosphorylated CPEB1 reduced cyclin B1 protein levels and suppressed cell division.
The regulation of mRNA translation is recognized as an important process for oocyte maturation and early embryogenesis (Bastock and St Johnston, 2008) . One mechanism thought to be critical for oocyte progression into M phase is cytoplasmic polyadenylation and the subsequent activation of translation of cyclin B1 mRNA. This regulation of cyclin B1 mRNA is mediated by the binding of CPEB1 to CPEs within the 3Ј-UTR. CPEB1 is capable of repressing bound mRNA, keeping it translationally dormant until CPEB1 is phosphorylated, which frees the bound mRNA from repression and allows for efficient translation (de Moor and Richter, 1999). This mechanism of regulation is not unique to Figure 5 . Cyclin B1 mRNA polyadenylation and translation following FBS stimulation Astrocytes were growth arrested by the removal of serum from the medium for 24 h and proliferation was induced by the addition of 10% FBS to the medium. A, Poly(A) tail assay to determine the length of cyclin B1 mRNA. By 10 min after FBS addition, the poly(A) tail length of cyclin B1 mRNA was increased dramatically. By 60 min the poly(A) tail size had returned to baseline. B, Following a similar time course, cyclin B1 protein levels were also increased following FBS stimulation. Quantification of these data indicates that an increase in protein levels can be detected as early as 2 min after FBS stimulation (*p Յ 0.05; **p Յ 0.01; ***p Յ 0.001, n ϭ 4). cyclin B1, although it is the best studied example of this mechanism in oocytes (Piqué et al., 2008) . Indeed, CPEB-mediated regulation of the cell cycle was recently demonstrated in HeLa cells (Novoa et al., 2010) . CPEB1 is also expressed in the brain, where it regulates mRNA translation in neurons following a wide range of neuronal stimuli including neurotrophins and glutamate (Wu et al., 1998; Shin et al., 2004; McEvoy et al., 2007; Kundel et al., 2009) , suggesting it may play a role in several distinct signaling events.
CPEB1 was also recently identified in astrocytes, where it appears to play a role in astrocyte migration as it regulates the expression of ␤-catenin at the leading edge of migrating astrocytes (Jones et al., 2008) . Considering the diverse function of CPEB1 in neurons and its ability to regulate the cell cycle in oocytes, we probed astrocytes to determine whether CPEB1-mediated mRNA translation could be playing a role in controlling cell cycle via its regulation of cyclin B1 mRNA. We show that CPEB1 protein and cyclin B1 mRNA are both enriched at the centrosome in astrocytes and that CPEB1 phosphorylation coincides with the polyadenylation and translation of cyclin B1 mRNA. Thus, it appears that CPEB1 localized to the leading edge of migrating astrocytes may play a role in their directed movement, while CPEB1 localized to the centrosome is regulating cell cycle proteins. How CPEB1 is localized to these distinct cellular domains is an interesting but as yet unexplored process.
The centrosome has several functions within the cell; among them are a microtubule organizing center and the recruitment of components critical for cell cycle progression during cell division Khodjakov and Rieder, 2001; Piel et al., 2001) . Indeed, the centrosome is thought to act as a scaffold for cell cycle-regulating proteins and is important for several cell cycle transitions, including G 1 -S and G 2 -M (Doxsey et al., 2005) . For example, Cdk1-cyclin B1 activation is the critical molecular event that triggers entry into mitosis (Nurse, 1990) , and this activation is localized to the centrosome (Jackman et al., 2003) . While the activation of Cdk1-cyclin B1 complex requires cdc25B phosphatase (Lindqvist et al., 2005) , the recruitment of active Cdk1-cyclin B1 to the centrosome requires the activation of Aurora A kinase (Hirota et al., 2003) . We show that CPEB1 is also recruited to the centrosome during mitosis along with the mRNA encoding cyclin B1. In addition, Aurora A kinase has been implicated in the phosphorylation of CPEB1 in astrocytes (Jones et al., 2008) , oocytes (Mendez et al., 2000b) and neurons (McEvoy et al., 2007) . This suggests a mechanism whereby the centrosome scaffolds CPEB1-bound cyclin B1 mRNA along with Aurora A kinase to enrich cyclin B1 levels and potentially spatially restrict Cdk1-cyclin B1 signaling to the centrosome.
We used serum deprivation to arrest cells in G 0 or G 1 phase before centrosome duplication in S phase Cooper, 2003) . Since ␥-tubulin is recruited to the centrosome during prophase of mitosis (Khodjakov and Rieder, 1999) , we used this as a marker for G 2 /M transition. Under serum deprivation conditions, ␥-tubulin is not detected in the centrosome fraction; however, ␥-tubulin is recruited to the centrosome following FBS addition to the culture, inducing cell cycle progression into M phase (Fig. 6 D, compare lanes 1 and 5) . Interestingly, cycloheximide suppressed the recruitment of ␥-tubulin to the centrosome following FBS stimulation (Fig. 6 D, lane 8) , indicating that the G 2 /M transition, which is activated by Cdk1-cyclin B1 complex (Crasta et al., 2006) , is not proceeding in the absence of new protein synthesis. Importantly, G 2 /M transition does occur in the presence of actinomycin D (Fig. 6 D, lane 6) , demonstrating that it is the activation of mRNA translation from existing mRNAs that mediates this transition. Furthermore, thee adenosine analog cordycepin, which blocks polyadenylation, also prevents G 2 /M transition, thus implicating CPEB1 in this process.
CPEB1 binding to mRNA has a dual function. First, it can repress mRNA translation through direct binding to the 3Ј-UTR and indirect binding to the 5Ј-cap via a complex of proteins, including eIF4E (Groppo and Richter, 2009 ). Second, CPEB1-bound mRNA can be translationally activated following the phosphorylation of CPEB1 at T 171 , and at least two kinases are capable of phosphorylating CPEB1: ␣-CaMKII and Aurora A (Mendez et al., 2000b; Atkins et al., 2004) . Therefore, a knockdown of CPEB1 could result in a derepression of previously bound mRNA, which is consistent with our data showing an increase in cyclin B1 protein and stimulation of cell division. By the same logic, sequestration of CPEB1 away from its endogenous targets by expressing a noncoding, CPE-containing mRNA Figure 7 . Knockdown of CPEB1 expression from astrocytes promotes cell cycle progression Astrocytes were transfected with CPEB1 siRNA for 3 h with Lipofectamine as described in Materials and Methods and allowed to recover for 24 h. A, The level of CPEB1 mRNA in rat primary astrocytes was determined by RT-PCR. Increasing the concentration of siRNA (indicated by sloped line under gel) decreased the level of CPEB1-encodingmRNAdetectedwhencomparedtountransfected(Con)andLipofectaminealone(Lipo)controls.B,ThelevelofCPEB1proteinwassimilarlyaffectedbysiRNAexpression.C,Immunocytochemical staining of CPEB1 reveals the loss of CPEB1 expression in siRNA-treated cells (right) compared to untransfected controls (left). D, Astrocyte number in culture was measured by MTT assay. siRNA transfection ledtotheincreaseincellnumbercomparedtoLipocontrol(nϭ4).E,CellcycleanalysisusingFACS.AstrocytestreatedwithsiRNAtoCPEB1asabovewerethenprocessedforFACSanalysis.Baseduponpropidium iodide staining, there is a significant increase in the proportion of cells in G 2 /M phase compared to controls (n ϭ 4). F, Phospho-histone H3, a marker for dividing cells, was significantly increased after CPEB1 knockdownbysiRNA(nϭ4).G,WesternblotanalysisofCPEB1knockdowndemonstratesanincreaseincyclinB1proteinlevelscomparedtocontrol(nϭ4).H,Immunocytochemistryusinganantibodycyclin B1 and GFAP in either untreated astrocytes (Con) or astrocytes treated with CPEB1 siRNA. The merged image shows cyclin B1, GFAP, and DAPI. *p Յ 0.05**; p Ͻ 0.01; ***p Յ 0.001.
(3CPE) should have the same effect, and it did (Fig. 8) . Conversely, overexpression of CPEB1 reduced cyclin B1 protein levels and suppressed proliferation, likely due to its ability to repress mRNA translation. Interestingly, 3CPE expression did not reduce the level of cyclin B1 mRNA at the centrosome. This was unexpected, as expression of a CPEB mutant protein lacking a microtubule binding domain did reduce cyclin B1 mRNA levels in the oocyte (Groisman et al., 2000) , indicating that the mRNA localization was dependent upon CPEB. It is possible that in astrocytes cyclin B1 mRNA is anchored to the centrosome independently of CPEB1, but another plausible explanation is that the CPEB1-cyclin B1 mRNA at the centrosome is particularly stable Figure 8 . Expression of 3CPE increases cyclin B1 protein and induces proliferation. Astrocytes were either untreated (Con) or transfected with either 3CPE or a mutated (scrambled) version (SCPE) and assayed 24 h later. A, mRNA was detected by RT-PCR following IP with CPEB1 antibody. All data are expressed as mean Ϯ SEM (n ϭ 3). B, SCPE or 3CPE-expressing astrocytes were harvested and assayed for expression level of cyclin B1 and phospho-histone H3 in total cell lysates by Western blot. Quantification of Western blot data was normalized with ␣-tubulin (right). All data are expressed as mean Ϯ SEM (n ϭ 3). C, Centrosomal fractions (16 and 17; see Fig. 2 ) were isolated and the levels of CPEB1, cyclin B1, and ␥-tubulin were determined by Western blot. Quantification of Western blot data was normalized with ␣-tubulin (right). All data are expressed as mean Ϯ SEM (n ϭ 3). D, The level of cyclin B1 mRNA in the centrosomal fraction was determined by RT-PCR. E, Astrocytes treated with 3CPE were processed for FACS analysis. Based upon propidium iodide staining, there is a significant increase in the proportion of cells in G 2 /M phase compared to controls (n ϭ 4). F, Immunocytochemistry using an antibody cyclin B1 and GFAP in either untreated astrocytes (Con) or astrocytes treated with 3CPE. The merged image shows cyclin B1, GFAP, and DAPI. All data are expressed as mean Ϯ SEM (n ϭ 3). *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001 (all compared to Con).
and thus resistant to 3CPE disruption. Further analysis will be needed to distinguish these possibilities.
Of course global reduction or enhancement of CPEB1 levels will affect many mRNAs within the cell and could result in numerous phenotypes. For example, Burns and Richter (2008) describe a decrease in the translation efficiency of p53 mRNA upon CPEB1 knock down in fibroblasts, which could contribute to these cells bypassing senescence to resemble transformed cells. Together with our data, this would suggest that misregulation by CPEB1 could result in both increased cell proliferation and cells that do not senesce, a troubling combination.
In conclusion, the present findings suggest that cytoplasmic polyadenylation-dependent mRNA translation plays an important role in cell cycle regulation in astrocytes, mediated in part through the regulation of cyclin B1. These results provide additional insight into the regulation of astrocyte proliferation, and since Aurora A kinase is known to be upregulated in many forms of cancer (Saeki et al., 2009 ), they may provide Figure 9 . Overexpression of CPEB1 inhibits cell cycle progression. Rat primary astrocytes were transfected with CPEB1-GFP for 3 h with Lipofectamine (Lipo) as described in Materials and Methods and allowed to recover for 24 h. A, The level of CPEB1 mRNA in rat primary astrocytes was determined by RT-PCR. B, The level of CPEB1 protein was detected by Western blot. C, The number of astrocytes in culture was measured by MTT assay and shown to significantly decrease when CPEB1 is overexpressed (n ϭ 4). D, FACS analysis of astrocytes transfected with CPEB1-GFP show a decrease in the number of cells in G 2 /M phase when compared to untransfected controls (Con) (n ϭ 4). E, Phospho-histone H3, a marker for dividing cells, was also decreased with CPEB1 overexpression (n ϭ 4). F, Overexpression of CPEB1 also resulted in a decrease in the levels of cyclin B1 detected (n ϭ 4). G, Immunocytochemistry using an antibody cyclin B1 and GFAP in either untreated astrocytes (Con) or astrocytes overexpressing CPEB1. The merged image shows cyclin B1, GFAP and DAPI. ***;p Յ 0.001.
insight into the uncontrolled proliferation seen in glioblastoma tumorigenesis.
